Abstract: A general approach is developed for controlling the pore size and pore chemistry of integral isoporous membranes derived from the assembly of polystyrene-b-poly-4-vinyl pyridine (PS-b-P4VP) diblock copolymer. In this approach, initially, the sub-50 nm pore surface, decorated with poly-4-vinyl pyridine (P4VP) polymer brush, is coated with polyacrylic acid (PAA). PAA offers a majority of anionic and a minority of neutral acid functionalities. The neutral acid groups adhere to the P4VP segments of the pore wall through hydrogen bonding interactions and the anionic sites remain free. The availability of the anionic sites sets the stage for a layer-by-layer deposition of cationic and anionic polymers, in a sequential manner, on the pore-wall surface through a continuous flow of a dilute polyelectrolyte solution through the nanoporous membrane. In this way, multiple layers, stabilized through electrostatic interactions, can be deposited leading to a continuous decrease in the pore size and a known surface charge. Due to the known facile nature of the large area isoporous asymmetric membrane formation and modular nature of the polyelectrolyte assembly, the present approach is anticipated to yield new block copolymer membranes with tailored separation, sensing, and catalytic properties.
Introduction
The world of polyelectrolyte multilayers was introduced by Decher, who first presented the idea of producing ultrathin polyelectrolyte films through the alternating deposition of layers of alternately charged polyelectrolytes. 1 This extraordinarily simple method of making thin organic films opened up an entire new arena of scientific research, to which a large number of studies have been devoted over the past 20 years. A majority of these reports are, however, focused on the multilayer deposition on a flat substrate. [2] [3] [4] [5] There are relatively few studies on polyelectrolyte deposition on a curved surface. [6] [7] [8] [9] [10] In this context, of particular interest are concave internal surfaces of a porous material. [11] [12] [13] [14] Polyelectrolyte coating on such surfaces will allow for modulating the properties of the porous structure. Bruening and coworkers have elegantly demonstrated this concept with the help of microporous alumina membranes. 15 In terms of polymeric materials, track etched polymer membranes of large pore sizes have been studied. [16] [17] [18] [19] [20] Track etched membranes, however, suffer from a low density and a dis-ordered nature of the pores. These deficiencies are remedied through self-assembly of diblock copolymers that afford highly ordered and dense porous structures. [21] [22] [23] [24] [25] [26] This fascinating area of research is further enriched by the inspiring work of Abetz and coworkers who recently established methods of preparing [27] [28] [29] [30] and functionalizing [31] [32] robust and large area membranes from assembly of polystyrene-bpoly(4-vinyl pyridine) (PS-b-P4VP)-based diblock copolymer. [33] [34] [35] [36] These membranes feature a well-ordered surface reminiscent of the structures found in solvent annealed block copolymer thin films, [37] [38] [39] [40] [41] [42] [43] [44] sitting atop a less-ordered typical 'phase inversion' membrane structure. 45 In the present study, therefore, we consider pore structure modulation of such isoporous asymmetric membranes through a layer-by-layer assembly of polyelectrolytes (Scheme 1). The challenge in this case, however, is the small pore sizes (sub-50 nm) of the isoporous materials. On a fundamental level, therefore, this research goal represents an opportunity to fathom whether layer-by-layer assembly process is still feasible in such a confined geometric space. 46 Furthermore, from an applications perspective, if layer-by-layer assembly can indeed be carried out within such small spaces then the nanopore size and chemistry can be systematically alerted in a general and modular fashion. 47 This will allow for fabrication of nanoporous all-polymer membranes with high performance in the areas of separation, filtration, and catalysis. [48] [49] [50] [51] [52] To achieve the aforementioned goal, we decided to utilize the hydrogen bond accepting capability of the pyridine moieties of the P4VP copolymer segment. [53] [54] [55] For this, poly(acrylic acid) (PAA) was chosen as the hydrogen bond donor. At neutral or slightly basic conditions, this polymer offers a majority of anionic (carboxylate) and a minority of neutral (carboxylic acid) moieties.
for interacting with the pore wall surface through hydrogen bonding interactions with the P4VP segments, 57 and the anionic sites prepare the pore wall surface for deposition of the first layer of a chemically charged (cationic) polymer through electrostatic interactions. 58 Further deposition of the anionic polymer and then repetition of this process then allows for modulating the surface chemistry and the size of the nanopore (Scheme 1). A unique feature of this work is that the deposition of polyelectrolytes in the nanopores is observed in real time through monitoring the change in pressure across the membrane as the dilute solution of a polyelectrolyte passes through the membrane. This is done by creating a pressure sensor-amplifier interface, the details of which are presented in the supporting information ( Figures S1-S5 ). In this experimental setup, in order to guarantee complete charge overcompensation for each layer, the polyelectrolyte solution was pushed through the membrane pores using a syringe pump while monitoring the pressure at a constant flow rate. This flow rate monitoring allowed the deposition to be stopped only when polyelectrolyte was unable to be further deposited on the surface, as judged by the leveling off of the pressure signal, which ensured equal charge overcompensation through the entire length of the nanopore and maximum layer thickness.
Experimental

Instrumentation
Membrane structures were characterized using scanning electron microscopy (FEG-SEM, Zeiss LEO Gemini 1530, Germany) with an in-lens detector. Prior to imaging, the thin films were coated with platinum in order to avoid charging and to allow imaging at higher resolutions. Analytical GPC measurements were performed using a Viscotek GPC system equipped with a pump and a degasser (GPCmax VE2001, flow rate 1.0 mL/min), a detector module (Viscotek 302 TDA) and three columns (2 × PLGel Mix-C and 1 × ViscoGEL GMHHRN 18055, 7.5 × 300 mm for each) using chloroform as an eluent. UV/Vis measurements were carried out on a Lambda 20 double beam UV/Vis-spectrophotometer from Perkin-Elmer.
Membrane formation
PS(145,000)-b-P4VP(50,000) block copolymer, Polymer Source, was dissolved in 1:1:1 w/w DMF:THF:dioxane to form a 17 wt% solution. The solution was kept in a sealed jar under shaking conditions for 3 days to dissolve. A glass substrate was used for membrane formation with a doctor blade with 250 m gate height. After spreading of the polymer solution, the solution was allowed to sit for 20 s before immersion in a 20 C water bath, where it sat for several hours. The membrane was transferred to and stored in Millipore water until use.
Layer deposition
Layers were deposited using a 10 mL syringe and an Orion Sage syringe pump. Between each polyelectrolyte solution deposited, buffer solution was allowed to pass through the membrane for at least 45 min. For pH of 7.4 a phosphate buffer was used. For pH of 6 a citrate buffer solution was used. 
Poly(acrylic acid)
Acros, with a molecular weight of 5k was dissolved in a 0.1 M buffer solution to form a 0.01 M PAA solution with respect to the monomer. The solution was filtered through a 0.02 M syringe filter before loading into a 10 mL syringe, after which it was pushed through the membrane at a rate of 0.480 mg/s. This was continued until sensor data showed that the pressure increase had leveled off.
Linear poly(ethylene imine)
M w =5,000, was dissolved in a solution of ethanol and treated with an excess of 2 M HCl until the polymer had completely precipitated. This precipitate was washed thoroughly with ethanol and dried, then dissolved in a 0.1 M buffer solution to form a 0.01 M PEI·HCl solution with respect to monomer. The solution was filtered through a 0.02 M syringe filter before loading into a 10 mL syringe, after which it was pushed through the membrane at a starting rate of 0.480 mg/s for initial layers, and lower rates for subsequent layers to maintain a differential pressure under 0.07 bar (1.0 PSI). This was continued until sensor data showed that the pressure increase had leveled off, or in cases where the pressure did not change, was continued for at least 1 h.
Poly(styrene sulfonate)
Fluka, M w =4,300, was dissolved in 0.1 M pH 7.4 buffer solution to form a 0.01 M PSS solution with respect to the monomer. The solution was filtered through a 0.02 M syringe filter before loading into a 10 mL syringe, after which it was pushed through the membrane at a starting rate of 0.480 mg/s for initial layers, and lower rates for subsequent layers to maintain a differential pressure under 6,900 Pa (1.0 PSI). This was continued until sensor data showed that the pressure increase had leveled off.
Sensor calibration and data collection
The sensor was calibrated with a 70 cm high column of water at two data points, 0 cm and 70 cm. This was then verified by taking data points at each 10 cm of water height.
PEG size separation
A 1 mg/mL solution of poly(ethylene glycol) was made by using equal weights of 900 kDa, 600 kDa, 300 kDa, and 10 kDa PEG and diluting to 1 mg/mL with Millipore water. The PEG solution was then loaded into a fresh 20 mL syringe and pushed through the membrane at a rate between 0.34 and 1.3 mL/hour, keeping the pressure under 1 bar. A total mass of 2.5 g was collected for each separation.
PEI quaternization
Poly(ethylene imine) was dissolved in ethanol and added to a 1:1 solution of ethanol/methyl iodide which was stirred at 50  C for three hours, after which a solid had formed in the mixture. The solid was washed with ethanol and air dried.
Results and discussion
Membrane formation and characterization
Porous membranes derived from high molecular weight block copolymer PS(145000)-b-P4VP(50000), as reported and developed by Abetz and coworkers were chosen for pore wall manipulations through the layer-by-layer assembly process due to its unique functionality and structure. 27 These membranes, on the surface layer, closely resemble a block copolymer nanoporous thin film. Underneath the surface layer, however, they provide a spongy support structure that makes the membranes robust and allows their incorporation into real-life devices. Figures 1  and 2 show structural details of such a membrane. The surface scan confirmed that the materials contained a long-range lateral order of the porous structure with average pore size of 40 nm and a polydispersity index of 1.03 ( Figure S6) . A cross-section of these materials could be obtained by tearing the film, followed by examination under the scanning electron microscope. This examination, along with the TEM cross-section ( Figure 2 ) verified that the surface layer of the membrane contained an ordered porous structure. The pores were straight, up to 750 nm in length, and possessed the same diameter as the surface pores.
Poly(acrylic acid) as a base layer for further pore functionalization
As described earlier, poly(acrylic acid) was chosen as a base layer on which to begin the sequential assembly of positively and negatively charged polymers to ultimately change the size and the surface chemistry of the pores. In this regard, the PAA base layer has to perform two functions: firstly to hydrogen bond with the P4VP layer which is present on the pore wall, and secondly to present negatively charged carboxylate groups to the interior of the pore for further ionic deposition at the interior of the pore surface. PAA is uniquely able to perform these two roles because of its partial protonation in the range of pH 6-7.5. Indeed, we observed a slow pressure increase while passing PAA through the membrane, which eventually leveled off as the P4VP groups on the pore surface became saturated with hydrogen-bound PAA chains ( Figure S7 ). There was no evidence of membrane fouling, which would be seen by a constant increase in pressure. Interestingly, the hydrogen bonding capability of the poly(acrylic acid) could be enhanced by depositing the layer at pH 5. This led to a somewhat thicker layer, as seen in the pressure increase from 0.01036 to 0.04578 bar (a 442% increase), compared to the increase at pH 7.4, from 0.02611 to 0.03672 bar (a 141% increase). This demonstrated that the thickness of the initial PAA layer is at least partially tunable by the pH of deposition. A possible reason for this film thickness difference is this: the poly(acrylic acid) at pH 5 is much more protonated (approximately 50% as opposed to the minimal protonation at pH 7) and therefore interacts much more with the P4VP, partially "solubilizing" it and forming a thicker layer of P4VP-PAA complex in the center of the pore. When a smaller percentage of PAA units are protonated, the polymer will adhere to the pore wall but not solubilize the P4VP as much, acting more like a polyelectrolyte layer in the typical "layer-by-layer" study.
Another initial observation upon deposition of the first PAA layer was that the pores were much more visible under SEM. Because the membranes are simply torn apart for SEM observation, the possibility was considered that even a single layer of PAA was helping to stabilize the pores and made them much more visible, and the corresponding SEM pictures much easier to obtain (Figure 3) . These results demonstrated that the P4VP-based pore-wall surface of the isoporous asymmetric membranes could be successfully coated with PAA.
Layer-by-layer deposition inside the nanopores: a weak and a strong polyelectrolyte
Having PAA base layer in the nanopore prepared the system for a typical layer-by-layer assembly process. For this, a set of oppositely charged polymers had to be chosen. The candidates had to satisfy several criteria to be optimal for the layer-bylayer deposition process. First, the polyelectrolyte had to be readily available in a low molecular weight. This was to avoid the chances of the polyelectrolyte spanning the pore and causing blockages as the pore size decreased ( Figure S8 ). Second, initially, it was decided to use a weak and a strong polyelectrolyte. The weak polyelectrolyte would hopefully afford some measure of control over the thickness of the layers. The strong polyelectrolyte would provide some stability to the system, as the charge remains relatively constant. The two polyelectrolytes meeting these needs were poly(styrene sulfonate) (PSS) and poly(ethylene imine) (PEI), which have been studied before on surface layer-by-layer assemblies as well. 59 The poly(ethylene imine) had to be protonated first in order to be water soluble, which was achieved by protonation with HCl followed by precipitation in and rinsing with ethanol. The PEI was then water soluble and used for layer-by-layer deposition.
A first attempt at layer-by-layer assembly in the membrane led to confusing results -a periodic "zig-zag" type increase and decrease in pressure with each successive layer ( Figure S9 ). Hypothesizing that the brush-like nature of the P4VP chains in the nanopore was affecting the deposition, the chains were then collapsed using a two-step process. In the first step, the P4VP chains are swollen with a mixed solution of 50/50 methanol/ water. During this step, which is monitored by pressure, the P4VP chains became swollen by the partial solubility (methanol is a good solvent for P4VP, while water is a poor solvent) and the pore was closed, as was seen by a large increase in the pressure. This pressure increase leveled off after some time. After the pressure had reached a maximum and leveled off, the methanol/water mixture was replaced with pure water. The pressure quickly dropped as the water was pushed through the membrane. After this process, the flux was increased in comparison to the initial measured flux, seen by an approximately 30% decrease in pressure. It was concluded that any P4VP chains that had been present in the middle portion of the pore were now collapsed on the pore wall. This was verified later by the steady pore decrease, as measured by pressure, of the layerby-layer self-assembly process.
The most successful layer-by-layer deposition was performed entirely in a 0.1 M pH 7.4 phosphate buffer solution for all polyelectrolytes (including PAA). The deposition of layers was followed by pressure, which was scaled with the flow rate of the syringe pump as the flow rate needed to be varied to keep the pressure within the sensor range. A more accurate view is shown in the flux data, which could be calculated for each measurement since the flow rate and pressure are both known. With each deposition step, the pressure increased some amount, and then leveled off. After the pressure had leveled off for some time, the solution was changed for pure buffer solution, at which time a pressure measurement was recorded. Figure 4 shows the buffer solution pressure following each layer deposition. An estimation of pore size, calculated by comparing the fluxes using a very simplified Hagen-Poiseuille equation, is provided as well. As is shown, the pore size dropped from approximately 40 nm to approximately 24 nm over nine deposited layers (including PAA).
The pressure measurements were further corroborated by SEM, as the closed pores were clearly visible in the cross-section and on the surface, which remained free of deposited polyelectrolyte ( Figure 5 ). Making a direct comparison between the initial images and the one of the deposited layers with similar scale bars gives a better picture of the change in pore size ( Figure  S10 ). It was also clear that the layers deposited were not entirely smooth, as the closed pore appeared to have some increase in pore tortuosity. This may have affected further layer deposition, as an attempt at reaching a much smaller pore size later was met with extreme multilayer buildup on the surface of the membrane, despite a relatively small increase in pressure. The pore size shown in Figure 5 , then, was the smallest pore size reached without any polyelectrolyte buildup on the surface of the membrane.
Deposition at varied pH -more highly charged polyelectrolytes
Because deposition of all polyelectrolytes occurred at pH 7.4, a pH at which PEI has a relatively lower amount of charge (than at lower pH values), it was then decided to test whether a change in pH of the PEI deposition solution would have an effect on the deposition of polyelectrolytes in the membrane pores. The buffer solution in which the PEI was contained was changed to pH 6 (the PSS solution was unchanged and deposited at pH 7.4), and the effects on deposition rates were dramatic. The deposited layers were much thicker and the pressure increased much faster ( Figure S11 ). Under these conditions, significant polyelectrolyte buildup on the surface was also detected. In addition to the fast pressure increase, it was apparent that after the first PEI layer that polyelectrolytes were being deposited onto the surface, and that with each subsequent layer, more polyelectrolyte was built up on the surface (Figure S12 ).
Weak-weak and strong-strong polyelectrolytes
From the aforementioned results, deposition of PEI at pH 7.4 where the PEI is less charged and deposition at pH 6 where the charge is greater, it seemed that increased charge led to thicker layers when deposition is being performed in nanopores. This is an interesting result, because it was the opposite of what was expected based on PSS/PAH (PAH=polyallylamine hydrochloride) surface studies. 56 While it is possible that the difference in solubility between PAH and PEI was a factor as well, it appeared most likely that the nanopore environment played a significant role in layer deposition at different amounts of polyelectrolyte charge. Since extremely thick layers have been seen before in much larger nanopores, this may offer some explanation as to why this occurs. 17, 60 In order to test this effect on a PEI chain with even more charge, the PEI was quaternized with methyl iodide in order to convert it to a strong polycation (qPEI) that would be effectively fully charged. As is seen in Figure 6 , the layers were again thicker and flux decreased extremely quickly. In addition to this pressure buildup, the deposited polyelectrolytes on the surface were thicker than any seen previously in the layer depositions with more strongly charged PEI (Figure 7) .
The layer-by-layer deposition was also tested with PEI and PAA, two weak polyelectrolytes, with PAA at pH 7.4 (almost fully negatively charged) and PEI at pH 6 (with a higher positive charge). The result was the same -an extremely fast pressure increase and polyelectrolyte buildup on the surface. In addition, with two weak polyelectrolytes, the layer deposition was almost impossible to control and no deposition attempts were reproducible to any extent.
Rate of deposition
Since the pressure sensor in this work was following the deposition in real time, we could also follow the deposition rates. The time that was taken for the pressure to level off, as is seen in Figure 8 , was used along with the flow rate to calculate the volume necessary to deposit a single layer. This led to some interesting results when comparing deposition with less charged PEI (pH 7.4) and with more charged PEI (pH 6). With deposition of more highly charged PEI, the volume necessary for deposition increased with each layer. On the other hand, with deposition of less charged PEI (pH 7.4), only the PEI depositions times increased and the PSS deposition times remained low ( Figure 9 ). This may be a result of the thicker layers that were deposited -once a thicker layer is formed as a base, the next layer requires increased amounts of time to diffuse into and mix with the layer below. Increasing deposition time may also be a reflection of the lower charge with increasing layers that has been demonstrated multiple times with polyelectrolyte multilayers in pores.
Reversibility of layer-by-layer deposition
After studying the deposition of polyelectrolyte multilayers, it was considered that these layers may be reversible, since they are a supramolecular system and not covalently bonded. The layer-deposited membrane depicted in Figure 8 , which had extremely low flux, was then subjected to a NaOH solution at pH 12. Slowly, the pressure decreased until it had returned to nearly its initial (before layer deposition) pressure. More significantly, the pores upon cross-section examination were clearly open, despite what appeared to be some salt deposition on the surface of the membrane (Figure 10 ).
Inside structure of the nanopores
At this point, it was clear that the most successful system was that where the PEI was less charged and layers were deposited slowly. However, the composition of these layers inside the pore was unclear. As was suggested by the work of Jonas et al. in the deposition of multilayers in larger pores, a gel-like interior was entirely possible rather than the envisioned layered assembly on the pore wall. 60 To examine this aspect, an aqueous solution of polyethylene glycol polymers with molecular weights of 10 kDa (R h =4 nm), 100 kDa (R h =12 nm), 300 kDa (R h =23 nm), and 600 kDa (R h =33 nm) was prepared. This solution was then passed through three different membranes, two of which contained deposited polyelectrolyte multilayers. The aqueous solution was then analyzed with the help of gel permeation chromatography (GPC) ( Figure S13 ). From this study, it became clear that unmodified membrane and membrane of 34 nm pores allowed for permeation of all the PEG-chains. Whereas, membrane of pore size 24 nm blocked higher molecular weight polyethylene glycols with hydrodynamic diameter of 33 nm and allowed for the smaller molecular weight PEG, with a hydrodynamic radius of 4-12 nm, to pass through. Since even large molecular weight polyethylene glycol polymers could pass through, this study suggested that the membrane pores must carry an open channel.
Conclusions
Exploration of the potential controllability of polyelectrolyte deposition within the nanopores of ordered block copolymer membranes with an average pore diameter of 40 nm, after a pre-treatment of the brushlike pore wall with a methanol/water mixture in order to collapse the chains, was performed using different combinations of polyelectrolytes. Low molecular weight polyelectrolytes poly(styrene sulfonate), protonated poly(ethylene imine), quaternized poly(ethylene imine), and poly(acrylic acid) were tested to determine the deposition properties of strong and weak polyelectrolyte combinations. In order to guarantee complete charge overcompensation for each layer, the polyelectrolyte solution was pushed through the membrane pores using a syringe pump while monitoring the pressure at a constant flow rate. This flow rate monitoring allowed the deposition to be stopped only when polyelectrolyte was unable to be further deposited on the surface, which ensured equal charge overcompensation through the entire length of the nanopore and maximum layer thickness.
The first layer, poly(acrylic acid) in all cases, was used to connect the poly(4-vinyl pyridine) to the rest of the polyelectrolyte layers by hydrogen bonding to the P4VP layer and presenting a negative charge to the interior of the nanopore, which was then built upon by positively charged PEI or quaternized PEI. The layer thickness of the PAA could be varied by changing the pH of the solution -a lower pH of 5 meant that the PAA was close to 50% protonated, and so the PAA layer was much thicker. Deposition at pH 7.4 where PAA has few protonated repeat units led to a very thin layer which, nonetheless, supported additional layers. While in many cases the extraordinarily thick layer deposition seen in past studies of polyelectrolyte deposition in nanopores was seen in multilayers of PSS/PEI, PSS/qPEI, and PSS/PAA, the combination of PSS/PEI in particular proved to be extremely promising in its controllability, providing very thick layers at pH levels where the PEI was more protonated and considerably thinner and better controlled deposition at a steady pH of 7.4 where PEI is less protonated, a finding contrary to those previously reported for layer-by-layer assembly on surfaces. With the thick layers deposited at varied pH, or with two strong or two weak polyelectrolytes, the pore became filled quickly and polyelectrolyte multilayers began to build up on the surface of the membrane. Measurement of pressure as a real-time analytical tool was also useful for looking at rates of deposition, which were different depending on whether the polyelectrolytes were deposited at different pH levels (more highly charged PEI) or at pH 7.4 (less highly charged PEI). Furthermore, Reversibility of the multilayers was demonstrated by nearly completely removing the layers deposited using an aqueous NaOH solution at pH 12 to disrupt the hydrogen bonding and ionic interactions holding the multilayers together. Finally, by passing through a wide range of polyethylene glycol polymers through the nanoporous membranes, it was possible to conclude that the nanopores, after the deposition of the polyelectrolytes, carried an open channel.
In essence, it is established that application of the layer-bylayer assembly of charged polyelectrolytes inside of nanopores provides a practical and versatile method for altering the pore properties -surface chemistry and size -in isoporous asymmetric membranes prepared from the assembly of diblock copolymers. This method is general and versatile and can potentially be applied for additions of functionality to nanoporous membranes, [61] [62] [63] [64] [65] [66] [67] [68] [69] either through reactions of polymers within the pores or by immobilizing functional objects such as enzymes or nanoparticles within the nanopore.
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